Periods of urban water scarcity in cities places pressure on government agencies and water utilities to improve water distribution system efficiency through reducing the amount of water lost in the network as well as deploying a range of demand management techniques to conserve existing supply. Current estimations assume customer post meter leakage accounts for up to 10 % of total water consumption, particularly in the residential sector. Households identified as having post meter leakage using a citywide installation of smart metering technology were subjected to a mix of basic and tailored information regarding water loss. The primary aim of the study was to test the effectiveness of communication interventions and the attributed water savings resulting from the repair of household leaks. The residential leakage communication strategy resulted in a reduction in minimum night flows by a very significant 89 % over the duration of the study, while the control group receiving no communication increased consumption by 52 %. Moreover, questionnaire surveys were conducted to establish the significant factors, including leak type, demographics and household awareness, to name a few, that will influence the development of a fit-for-purpose post-meter leak rectification policy and program. The paper concludes with some key recommendations for future work to develop a predictive model for identifying, classifying and quantifying post meter loss as well as presents least cost planning implications of a leak rectification policy. The study confirmed that smart metering provides water utilities with a powerful tool to rapidly identify and action the significant volumes of post meter leakage occurring in our cities.
Introduction

Water efficiency
The advantage of reducing the amount of water used to achieve any service is important in Australia.
The variability of rainfall coupled with population growth and strong economic development impels efficient supply and demand side water management Willis et al., 2010; Makki et al., 2011) . Water is conveyed by systems with capacity limitations, and as system efficiencies tend to decrease as capacity is strained, it is imperative to maximise any efficiency in times of high and low water demands (Brooks, 2006) . In times of water resource scarcity it is appropriate to determine the degree of technical efficiency of the total water supply network (Garcia and Thomas, 2001; Carragher et al., 2012) . The water utility has two options when presented with higher water demand: (1) increase water output and not repair network leaks; or (2) repair network leaks and maintain same volume of water output (Brooks, 2006; Garcia and Thomas, 2001) . Improving the efficiency of the water system is almost always a lower cost option than constructing capital intensive water supply infrastructure.
The occurrence of network leaks as part of the production and distribution process is classified as an overall inefficiency of the water system (Garcia and Thomas, 2001; Covas and Ramos, 2010) . Network leakage is usually monitored in district metered areas by measuring the Minimum Night Flow (MNF) at designated time intervals; a leak is suspected when the MNF exceeds a predetermined threshold (Hunaidi and Wang, 2006) . This leakage is expensive in terms of time to locate and labour to repair.
Much has been written about leakage from mains and service pipes however literature regarding water losses located within residential household boundaries is limited (Britton et al., 2008 ). Post-meter household leakage can occur in any number of different plumbing fixtures or piping within a residential property. The development of policies and programs for the reduction in post meter leakage has received a low priority by water utilities. This situational context has been largely due to their current metering system not being able to provide sufficiently detailed water use information for the effective implementation of such programs. Krozer et al., (2010) proposes that innovation may improve how the water supply chain is managed at lower costs; post-meter household leakage repair may be one such innovation for water managers to consider. Stewart et al., (2010) also indicate that one of the key benefits of smart metering is the ability to identify and action customer leakage.
Smart metering
There is no single definition or consensus on what it means for a meter or metering system to be classified as 'advanced' or 'smart' regardless of utility (gas, water or electricity) (Brophy-Haney et al., 2009; Darby, 2010) . Darby (2010) comments that the realities of smart metering are simple; a smart meter is a meter that stores and transmits measurements at frequent intervals. They can also play an important role in the collection of a registry of end use water consumption data (Willis et al., 2011a (Willis et al., , 2011b Froehlich et al., 2011) including the detection of leaks in existing dwellings (Britton et al., 2008; Stewart et al., 2010) . Advanced water metering and communications technologies enables data transfer of end-use water consumption data; analysis of this high resolution data pinpoints unusual patterns caused by water wastage (Ferreira et al., 2007) .The importance of managing customer data at this high level should not be underestimated (Even et al., 2010) . This information assists in operational management (e.g. Beal and Stewart, 2013) as it highlights households with excessive water consumption indicating inefficient use and option for leak investigation (Ferreira et al., 2007; Stewart et al., 2010) .
Residential water end use studies
Residential consumption of water consists of a number of micro components (Kowalski and Marshallsay, 2005) . Measurement of these components; toilets, taps, showers etc. referred to as end uses, provide information on the way water is used in and around the home. There are two approaches to monitoring residential water end use (1) typical end use and (2) advanced water end use measurement depending upon the type of water meter and data capture technology . Typical end use studies measure water use via a smart meter using high resolution data in combination with household audits to check appliance stock and self-compiled water use diaries by residents Willis et al., 2009) . Currently utilised smart metering technology can measure water consumption at resolutions of 0.014 L (Willis et al., 2009 ) to 5 L ) and at time intervals of 1 to 5 s , 10 s (Willis et al., 2009; Heinrich, 2007) and 1 h . The meter and logger determine the richness of data (Willis et al., 2009) and the level of investment correlates to the complexity of technology and behaviour change potential . Software packages such as Trace Wizard ® study the consistency in the flow trace patterns of water use; leaks are identified and quantified from their continuous trace data (Mayer et al., 1999) . The smart metering system in Hervey Bay is suited to leak detection, peak demand identification and time of use tariff investigation due to the lower resolution of logging at hourly intervals .
Post meter leakage studies
Post meter leakage has a major effect on household water consumption (Arthuraliya et al., 2012; Water Corporation, 2010; Heinrich, 2008) . Yarra Valley Water's future water study (Arthuraliya et al., 2012) which recalibrates the prior Melbourne residential end use study (Roberts, 2004) shows that post meter leakage accounts for 2 % (n = 337) of total water usage. Interestingly in this study, Trace Wizard (i.e.
end use categorisation software) identified drips as leakage; 90,000 leakage events lasting less than 10 s were drips at the end of closing taps and toilets cisterns (Arthuraliya et al., 2012) . Each home experienced some form of minor leakage during the project. The authors comment here that these leakage events should possibly be termed background leakage (Lambert, 1994) as this is not a behavioural issue of households but more to do with the operating mechanisms of taps and toilets. (Heinrich, 2008) found that 13 % (n = 51) of total water usage was attributed to leaks, with one household losing 2,300 L/h. The Auckland findings were in line with previous end use studies (Roberts, 2004; Mayer et al., 1999 Mayer et al., , 2004 in that a small number of homes were responsible of the majority of leaks.
Role of water conservation and management strategies
User/customer information is often used to encourage conservation; many studies in the energy sector encourage households to reduce their energy use on a voluntary basis (Abrahamse et al., 2007 (Coates and Bullock, 2008; Turner et al., 2005) . In California, Gleick et al. (2003) estimated that indoor residential water use could be reduced by as much as 40 % by replacing inefficient toilets, washing machines, showerheads, dishwashers and by reducing the level of household leaks; which accounted for 12 % of indoor residential water use in 2000. The report goes onto state that leak rates could be reduced by 80 %, inferring that 50 % of leaks can be repaired for less than US$100 and 80 % for less than US$200. Mayer et al., (1999 Mayer et al., ( , 2004 suggest that leak reduction programs targeted at homes with highest suspected leakage rates would be most effective. A number of utilities in California have experimented with mailing letters and brochures to the highest 36 % of residential water users and the highest 10 % received a follow up phone call (Gleick et al., 2003) . A recent investigation into water use in Oklahoma (USA) revealed that repairing leaks was the principal conservation decision adopted by residents (Padgett, 2011) .
Tailored information offers an even more effective way to encourage behavioural changes (Abrahamse et al., 2007; Desmedt et al., 2009; De Vries et al., 2008) . Tailoring originated in health psychology;
involving a series of interventions designed to change unhealthy habits, using data from or about a specific individual to determine the appropriate information to derive a related outcome (Abrahamse et al., 2007) . De Vries et al. (2008) hypothesized that tailored information would be more effective than generic information in promoting compliance with recommendations.
Smart metering and associated resource consumption visual display technologies enable utility customers to access their consumption and compare with others in the community. Willis et al. (2010) introduced an alarming shower monitor device in residential households and demonstrated a reduction in shower use consumption in the short term however a subsequent study by this research group indicated a rebound in consumption over the long term . These studies indicate that information feedback is effective in managing water demand but must be reinforced over time in order to instil water conservation habits (Fielding et al., 2012) . In particular, identifying and communicating leakage to customers is something that must be conducted on an ongoing basis (i.e.
weekly reports) as new leaks originate in a household or business premise each day.
Prior research by the authors has provided evidence that the characteristics of post-meter flow events may be a reliable indicator of the type of leak e.g. toilet, service pipe, etc. (Britton et al., 2008) .
However, leak events are dynamic in nature and the decision to rectify them will be dependent on a number of monetary and non-monetary factors. Moreover, the decision will also be dependent on value judgements from the perspective of the water user, utility and government agencies. Nonetheless, one key decision driver to repair specific categories of leaks can be based on their cost and quantifiable water savings.
This paper firstly outlines the objectives and methodology followed for the study. Results are then presented including water savings attributable to leak alert communications and householder key concerns for and actions taken to address water loss. The paper finishes with study conclusions and an outline of the future directions of our ongoing research.
Research objectives
In brief, the study examined the extent to which the staged dissemination of both generic and tailored information on evident water leaks would result in leak repair and ultimately water savings. As detailed later, households where a leak was reported by the smart meters via a leak alert were subjected to a staged communication process. This involved increasingly detailed leak information letters being sent and meter reads after a reasonable period allowing householders to make repairs. Darby (2010) proposed that the challenge is to develop communications that can be used to select the most useful information for the customer combining advice and other pointers to enable effective action. The objective of the experimental design is to compare the actions of each group after each communication.
The process used to determine the effect of the experiment is the recording of water consumption data pre and post communication and if households responded to the treatment. In summary, the study aimed to collect information that would provide insight on two primary research questions:
1. What are the water savings attributable to tailored communication interventions on household post meter leakage?
2. What are householder concerns for and actions taken to address informed water loss? Approximately 803 or 3.8 % of households were retained for further assessment. WBWC use a local government business application holding information on land value and land size for the purpose of rates. The database contains contact addresses of the homeowner allowing for determination of owner occupied or rental properties. The 803 households were stratified according to suburb and land value.
Research method
Study region
Of this group a sample of 372 households were randomly selected and notified of a potential leak. The 372 households were divided into two groups, named Group A (n = 332) and B (n = 40), with each group receiving a different communication intervention strategy over a three month period (Table 2) .
A control group (n = 100) was also selected and received no information during the course of the study.
The research sample was specifically targeted at those residential dwellings that had a leak identified since the objective of the study was to determine the influence of leak event feedback to customers on reductions in leakage. This approach was required to achieve study objectives. Readers should note that households having large leaks may not necessarily be representative of the overall socio-demographics of the community examined. There is potentially a higher likelihood of a certain age of household (> 25 years old), resident profile (e.g. elderly couple), tenancy (e.g. renter) or even household income.
Further investigation by the authors seeks to unpack the likely socio-demographic predictors of households with major leakage in order that targeted pre-emptive post meter leakage reduction strategies can be formulated.
Communication interventions
As detailed in Table 2 a series of interventions, feedback and questionnaire survey communications were conducted during the research process. The first communication to Group A involved a basic letter indicating that their household may have a leak and a fact sheet page featuring information on the capability of the meter reading system, leak alerts after continuous use and a step-by-step guide on how and where to check for leaks was mailed to all households in the sample.
<Insert Table 2 here>
It should be noted that the first communication to Group A involved no household specific data analysis. However, the first communication to Group B involved extended analysis of household MNF water use to illustrate a leak was most likely present. Water meters were read four weeks after each communication allowing householder's time to digest information and decide the appropriate course of action. Other increasingly detailed communications (see Table 2 ) followed this approach in a similar manner. For the 3 rd and 2 nd communication for Group A and B, respectively, financial incentives (rebates) were offered to assist with the cost of leak repair. A rebate offered AUD$100 towards plumbing repair; householders could either contact a recommended plumber who would deduct AUD$100 from the bill or arrange for their own plumber and apply for a AUD$100 rebate.
Again, Group C (Control) did not receive any communication.
Questionnaire survey
The objective of the post-hoc evaluation survey was to understand the types of leaks occurring, residents' concerns for and actions taken to address water loss and household demographics. All survey recipients were informed that their responses would help better detect leakage, develop and enhance leak prediction models and devise effective policies to reduce this type of loss.
Respondents were mailed a survey form and given a date by which to respond and enter a prize draw. There was also a web link provided to complete the survey online. The questionnaire structure solicited information from householders on the type of leak uncovered, their concerns and motivations when deciding to repair a leak, their perception on the quality of leak information provided, and their opinions on the degree and type of information that would influence other households in the future. This information helped to contextualise the empirically determined changes in MNF data pre-and post-intervention (i.e. leakage communication).
Data analysis and results
Extracting leak data and typologies
Firstly, water use data in CSV file format is exported to MS Excel and reviewed to confirm if a leak exists, then the leak typology 
Meter accuracy and background leakage
The minimum performance registration of the Elster V100 meter used in this study is 3 L/h. Water meters have measurement limitations and the ability to record consumption at low flow rates is difficult (Arregui et al., 2005) . There is still limited understanding of meter accuracy when considering the starting or minimum registrations levels (Q s ), therefore water with a flow rate that is below the Q s flow rate of the meter cannot be measured (Mukheibir et al., 2012) . The authors acknowledge that there would be an element of background leakage which cannot be detected visually or measured by the meter in the study sample. However the three components of nonregistration of domestic water meters, namely, (1) non-registered water at low flow, (2) prevalence of low flow events and (3) the effect of water usage on Q s (Mukheibir et al., 2012) are applicable to all water meters not just those contained within this study. Quantifying the amount of water losses below meter registration (Q s ), particularly as a meter ages, is the subject of recent research interest (Mukheibir et al., 2012) and such studies should help to quantify this component of water loss.
Effectiveness of post meter leakage communication interventions
The effectiveness of communication interventions in terms of water savings are firstly reported and then findings from the questionnaire survey (n = 146) are discussed in order to contextualise them. Group A resulted in a significant (p < 0.001) total sample hourly leakage reduction of 87.68 % (i.e.
4,009 L/h to 494 L/h).
<Insert Table 3 here> Group B (Table 3) (Table 3) experienced a decline in hourly leakage at meter read 3 (Figure 4 ) indicating that some households in the control may have located and repaired leaks. However, repairs are outweighed by leak rate of rises over study period resulting in an overall 52.2 % increase in hourly leakage between the 1 st and 4 th meter read. The control group results reinforce discussions provided earlier that MNF reductions are due to reduced leakage from householder instigated repairs and not increases in legitimate consumption and also confirms that if leaks are left unattended they will rise substantially over a period of time. Presently, the majority of customers of water utilities having traditional water meters only seriously action water leaks after their quarterly or six-monthly water bill, when they are 'shocked' into action by its financial impact.
Questionnaire survey findings
Analysis of the questionnaire surveys (n = 146) received revealed that some households experienced no leak (n = 17), the majority of households confirmed one leak (n = 129) and the remaining households found two (n = 37) or three leaks (n = 9). Overall, 192 leaks and 15 different leak types were confirmed (Figure 6 ). 68.5 % (n = 100) of the respondents were owner occupiers and 31.5 % (n = 46) were property investors. Respondents stated the nominated repairer and the reason for that choice. Plumbers undertook repairs in 46 % (n = 56) of the households. 35
households indicated a natural default to call in a professional for the job. 16 % of households either tried to fix the leak or could not locate the leak and opted to employ a Plumber. 29 % (n = 35) of households repaired the leak themselves stating cost, knowledge of how to and ease of repair as the major factors. Friends and family (n = 17) were responsible for repairing 14 % of leaks; plumber, builders and tradespeople were known to or referred by other family members. Nearly 70 % of the leaks were fixed for AUD$200 or less. In total, only six leaks (5 %) had repair bills ranging from AUD$1,501 to AUD$4,000 mainly due to a leaking hot water system. These leaks were considerably more expensive as they involved concrete/wall excavation and replacement of internal copper piping as well as underground polyurethane pipes. The median cost per household repair (n = 121) that responded to the questionnaire survey was AUD$272.85.
<Insert Figure 6 here> When informed of the leak, 45 % of respondents did not think the leak would be too costly to repair and 59 % disagreed with the statement "I do not have time to repair". Only 26 % of respondents were concerned with the cost of employing plumbing services and only 6 % of respondents discounted the leak amount or considered that it was too insignificant to deal with. Possible damage and flooding was cited by 42 % as the main concern when first receiving notification of a leak (Figure 7a ). When the decision was made to repair, 73 % of respondents said they felt obliged and 69 % agreed that they would have to repair the leak in due course; this could possibly indicate that leaks were already known to many householders. Only 27 % thought the water authority may enforce repair. 72 % stated saving money as a main motivation and an encouraging 93 % of respondents cite the main driver was preventing further unnecessary loss, (Figure 7b ). 87 % of respondents were happy to be informed and 84 % would like more information of this kind in future. Interestingly, 62 % would like the water authority to acknowledge that repairs had been undertaken and 75 % said the information prompted affirmative action (Figure 7c ).
<Insert Figure 7 here>
When asked what would help other households decide to fix a leak (Figure 7d ), assuming that each household received a basic letter, 92 % of respondents stated that a detailed letter with the water loss amount in litres and dollar value of leak related water consumption as well as a graphical display would be the preferred form of information. 83 % would like an indication of the leak type or where it was coming from and 74 % wanted a prediction of cost and loss if no action was taken.
An incentive for repair was favoured by 73 % and only 35 % were against a penalty notice. Having a timeframe within which to repair was not favoured by 16 % of respondents and 66 % recommended a follow-up call by the water utility.
Study implications for urban water management
Major urban centres across the globe will experience significant increases in demand due to population growth. Intelligent planning proffers that water professionals should examine the costs and benefits of all available water conservation options to see whether they demonstrate potential (Marsden Jacob, 2006) . One of the ways a water utility can increase profitability; in this context we mean efficiencies across all areas of the business, is via cost minimisation (Altman, 2007) . Labour and material cost involved in network repairs is higher than energy costs associated with increasing water production (Garcia and Thomas, 2001) . The benefit of post meter leak detection also extends beyond the initial and physical water savings; a reduction in waste water has implications for both energy consumption and treatment costs (Arreguin-Cortes and Ochoa-Alejo, 1997).
The findings of this study are already aiding an improved understanding of the sources, frequencies and importance of night-time consumption (Lambert, 2010) . Lambert (2010) proposed a standard terminology for the components of MNF (Figure 8 ). Extended investigation and survey analysis of the authors has provided insights into the Customer Night Leakage component of MNF; leakage on service connections and within customers' properties and the types of leaks occurring and range of loss (Britton et al., 2008 ). The questions concerning how much water is lost post meter in households and what measures can be used to target such losses are important for improving water management. This study shows that a water utility has an option of being proactive in dealing with post meter leakage through the roll-out of smart metering combined with the automated generation of leak event communications to customers. Study findings are of immense value to urban water managers attempting to reduce water demand or improve system efficiency. As demonstrated in this study, for those households having a significant leak in a particular city, which is typically 3-7 % of all homes in any particular given time period, between one and two thirds of their total daily consumption is attributed to leaks (i.e. Group A: 33 % (n = 332); Group B: 72 % (n = 100); and Group C: 71 % (n = 40)).
<Insert Figure 8 here> Interestingly the homeowners who made initial telephone calls and subsequently those who repaired leaks and informed us that they had done so did not complete the survey. However, they did provide information on the leak type and repair cost resulting in over one hundred additional confirmations of leak type and cost. The reason for not partaking could be attributed to the fact that they felt they had already participated due to imparting some of the required information.
Future efficiency measures are likely to be more expensive and perhaps intrusive upon residential customers (WSAA, 2010) . The key will be to identify the form of information which is most useful for decision making by household residents and the water utility .
Conclusion
A staged communication strategy to householders (n = 372) regarding post meter leakage was found to reduce hourly water loss collectively by 89 % over a period of three months. 70 % of the leaks were repaired by householders for less than AUD$200 and 50 % for less than AUD$100.
Householders were happy to be informed of a leak and expressed a desire for future information of this nature. No particular barriers to repair were highlighted by survey respondents (n = 146).
Environmental motivations for conserving water and reducing loss was higher than cost saving motivations.
Future work
Developing predictive models
The next stage of work involves developing a series of intelligent models that can provide predictions about post meter leakage characteristics. The first of which can determine total water loss due to post-meter leakage for a city or town and the second can predict the water loss and cost to households if no action is taken. The models will be a simplified representation about the phenomena of post meter leakage and optimised to provide adequate representation of the processes affecting this type of water loss (Ascough et al., 2008) .
Least cost planning
During times of constrained supply and drought the above mentioned models will allow a water utility or government water agency to understand the nature and volume of loss. However the investment of time and budget on the part of the utility is also a significant consideration. This study involved a detailed record of time, resources and money dedicated to each communication intervention. This account coupled with anticipated reductions in production, pumping and treatment costs will allow the real cost of this water loss strategy to be determined using Least Cost Planning principles (Wu et al., 2012) . It is envisaged that a leakage management strategy applying the approach outlined in this study will have a much lower unit cost ($/kL) than many other water supply and demand management strategies available (Stewart, 2010) .
Post meter leakage policies
The final research outcome will be to propose a policy framework for managing post meter leakage and the implementation of the associated enabling smart metering technologies. Such a policy framework and associated delivery guidelines need to be researched and formulated covering technical standards, communication protocols, incentives for water service providers through to end users, to name a few aspects. A policy theme of particular importance is the means of dissemination of information regarding post meter leakage and the degree of incentive for water utilities to identify customer leaks and potentially subsidise their repair. Normal practice in most water utilities having traditional metering technical and billing systems (i.e. manual data read every 3 to 6 months) is for the bulk of unattended post meter leakage to be paid by the customer unless it is a very significant service break and can be justified as invisible. As demonstrated in this study, smart metering technology enables water utilities to know, on a daily basis, those households with leaks, thus legal opinion may deem them responsible for informing customers and for informed customers to be potentially liable for making repairs in a reasonable time period. All such issues need to be adequately addressed through discussions with water utilities, government and customers, in order for such a policy to be effective.
(d) Recommendations on future information provision 
